Abstract. In order to establish prerequisite conditions for hyphenation of inductively coupled plasmaatomic emission spectrometry with liquid chromatography, the effects on plasma signal by loading of low concentrated solutions of tartaric, citric and dipicolinic acid were studied. The intensities of Mn, Li, Mg, Cd and Cu lines were observed in axial and radial signal collection mode. Influences of different ligand concentrations on excitation conditions compared to water were evaluated on the basis of signal-tobackground ratio (SBR) and limits of detection (LOD). Lower LOD values were established in the solutions of tartaric and citric acid than in water solution. Higher values were observed in solutions of dipicolinic acid. The Mg II / Mg I line intensity ratio was calculated in order to compare the changes in excitation conditions. Polycarboxylic acid matrices showed slightly departures from equilibrium conditions (≈3 %) in radial observation mode. The effects of polycarboxylic acids monitored on ionic and atomic lines of Cd and Cu were of more complex nature which regards to the type of compound and concentration of the acid solution.(doi: 10.5562/cca2066)
INTRODUCTION
Inductively coupled plasma spectrometry either with optical (ICP-AES) or mass detection (ICP-MS) when hyphenate with high-performance liquid chromatography (HPLC) allows on-line preconcentration, separation and detection of trace metals in complex samples. The excellent ability of method in separation of metals at low concentration level is approved in environmental assessment and moreover in analytical speciation. Due to their strong complexing ability, polycarboxylic acids are the most common organic ligands used in metal separation purposes. Tartaric, citric and dipicolinic acid dissolved in water usually served as mobile phases in ion-chromatography. There are number of publications which describe their use in metal separation by ionchromatography, but much less when hyphenated technique is applied. 1−5 Major interest in this area is still oriented towards improvement in the separation step. The influence of rising concentration of tartaric acid was studied in the determination of hydride forming elements like germanium and tin. 6, 7 It was also found that separations of divalent cations are significantly improved with rising concentrations of tartaric acid. 8 Considerable attention is paid to metal complexes with citric acid, because they play a significant role in plant growth 9 and environmental systems. 10 Dipicolinic acid, as terdentate ligand, forms anionic complexes with a number of transition metals and rare-earth elements in mobile phase solution or in chelating surface of impregnated resins, either. 1, 2 However, the lack of detection sensitivity in hyphenated HPIC-ICP systems which is often connected with dilution effects, arise also from poor plasma tolerance on organic matter introduction. The studies of effects of acetic acid and organic amines introduction into plasma are frequently presented. 11−13 Despite their importance in speciation purposes, 14, 15 there is a lack of data denotes to polycarboxylic acid effects in plasma spectrometry.
Organic solvent introduction into plasma is challenging analytical problem in plasma spectrometry. Matrix interferences of such solvents have not yet been fully explained beside the fact that comprehensive studies with different approaches have been performed. Basic considerations within this field of interest deal with influences of physical properties of solution on aerosol formation. 16−18 Changes of surface tension, relative volatility and viscosity of organic solutions compared to water, affect the droplet distribution in sample introduction system and consequently, the amount of analyte that reaches the plasma. However, this is the only one side of the organic matter introduc-tion effects in ICP. The complexity of organic matter impact is also accomplished by entering of solutions into plasma when changes in the temperature and the electronic density of plasma take place. Generally, the organic solvents affect the elements emission signal which results with enhancement or suppression of intensity. This mostly depends on the type of solvent, on type of dissolved organic compound 19−23 and on instrument conditions. 11, 24 By introducing the concept of robust plasma conditions when matrix composition changes do not significantly deteriorate analytical signal, a relatively simple experiment of measuring the Mg II / Mg I line intensity ratio as an indicator for robustness was proposed. 25 Some investigations of matrix effects involving Mg ratio measurements mainly describe the effects of easily ionized elements (EIE) on signal behaviour, 26, 27 as well as the effects of inorganic acids as the most common matrices in plasma spectrometry analyses. [12] [13] [14] 28, 29 Also, the studies of axially and radially viewed plasma comprise examinations of analyte detection limit, as another figure of merit. 30−32 Generally, it is recommendable to use axially viewed configuration for applications requiring better sensitivity, but without a complex matrix. For samples with complex matrices, the best option is use of radially viewed configuration. However, the robust plasma conditions (Mg II / Mg I > 8) need to be preserved in both viewing modes. 13 Recent reviews on applications of robustness concept in hyphenated techniques show that there is no single way to eliminate the complexity of organic matrix effects in plasma. 33, 34 The procedures can be devised to identify matrix effects and either eliminate or compensate them.
In this work, the effects of low concentrated solutions of tartaric, citric and dipicolinic acid, which are common ligands in separation of transition metals by ion chromatography, were studied after introduction into ICP-AES instrument. Assuming possible changes in plasma excitation conditions after aspiration of solutions of selected acids, signal intensities on several emission lines were measured in water and polycarboxylic acid solutions. The prominent Mn and Li lines were chosen as representative "hard" and "soft" lines; 35 ionic and atomic Mg lines as diagnostic lines; ionic and atomic Cd lines as representative of lines with greater sum of E exc and E ion ; and Cu lines as representative of elements with significantly different E exc of ionic and atomic lines. The experiment involved measurements in both plasma viewing modes, i.e. axial and radial. Influences of organic acids concentrations on excitation conditions compared to water were evaluated on the basis of signal-to-background ratio (SBR) and limits of detection (LOD). Therefore, the estimated magnitude of the observed effects could serve for the selection of optimal conditions when low concentration polycarboxylic acid solution in aqueous media are intoduced into plasma.
EXPERIMENTAL
A Teledyne Leeman Labs. (Hudson, NH, USA) Prodigy High Dispersion ICP system was used for this study. The system is equipped with 40 MHZ "free-running" radiofrequency generator and echelle grating based spectrometer with a large-format programmable array detector (L-PAD). Nebulization was performed with a glass concentric nebulizer and a glass cylonic spray chamber. The dual-view torch for observing both axial and radial position was used. The solution uptake rate was adjusted on 1 mL min -1 . In all experiments the r.f. power of 1. Table 1 .
High purity deionised water (Milli-Q Element system, Millipore, USA) was used. Nitric acid (Suprapure, Merck, Germany) diluted to 2 % v/v was used for aqueous solutions preparation. Analytical grade compounds of tartaric (Merck, Germany), citric (Merck, Germany) and dipicolinic acid (Fluka, Switzerland) were used. Solutions of polycarboxylic acids were prepared by dissolution of proper weight of analytical grade compounds into water. The final concentrations were 0.5 and 1.0 % w/v for tartaric and citric acid solutions; and 0.05 and 0.1 % w/v for dipicolinic acid solutions. Single element standard solutions of Mg, Mn, Li, Cu, and Cd (Plasma Pure, Leeman Labs, USA) were used for the control of plasma positioning and preparation of model solutions. Test solutions for the examination of acid effects were prepared from stock solutions (1 g L −1 ) by appropriate dilution and contained 0.1 mg
and 10 mg L -1 of selected metals in each aqueous acid solution. The multielement solution in water was prepared from single element stock solutions in same manner.
Measurements were performed in series starting from lower concentrations of analyte and of lower content of organic matrix and by aspirating the solutions through peristaltic pump at fixed flow of 1 mL min −1 . Radiofrequency power was optimized by measuring the manganese intensity in the range of 0.7−1.5 kW. The rinsing of sample introduction system by 5 % v/v nitric acid was performed through 5 min after each change of polycarboxylic acid matrix. There were no visible carbon deposition on plasma torch during all performed measurements.
RESULTS AND DISCUSSION

Testing of Plasma Tolerance
Several preliminary investigation steps were performed to define suitable operation of ICP−AES instrument when introducing solutions of different concentrations of polycarboxylic acids. The signal of manganese, which is used for plasma spectrometer positioning, was scanned in the range of 0.7-1.5 kW of applied radiofrequency power. By comparison of scanned manganese intensity in water and polycarboxylic acids solutions, the minimal changes in intensity magnitude were established in the range of 1.1 to 1.3 kW of r.f. power. Flow rate of solution aspiration into plasma was adjusted at 1 mL min -1 which is usually compromise flow in analysis of aqueous solution, and is also the most common flow rate of ion−chromatography effluents. For this reason, solutions of different concentrations of tartaric, citric and dipicolinic acids were aspirated into plasma at fixed flow rate and at fixed r.f. power of 1.2 kW and changes in reflected power of generator were monitoring. It was found that higher concentrations of tartaric and citric acid do not affect the impendance in electric circuit. Their aspiration through nebulizing system, which is usually applied for the water solution, caused clogging of nebulizer after 2 hours of aspiration with concentrations of dissolved acids higher than 2 % w/v. Dipicolinic acid concentrations higher than 0.5 % w/v caused significant disturbance of reflected power and quenching effects in plasma. For the further more detailed studies low concentrations of acids were chosen. Usually, concentration of 15 mmol L −1 of tartaric and citric acid, and 6 mmol L −1 of dipicolinic acid in chromatographic separation of metals are enough to obtain adequate resolution. 3, 4 Therefore, the concentrations of polycarboxylic acids in study of the possible effects in plasma were set in the range which covered the most of the separation purposes.
Evaluation of Signal-to-background Ratio and Limits of Detection
Representative "hard" (Mn II 257.610) and "soft" lines (Li I 670.784) were chosen to test signal behaviour in water and polycarboxylic acids solutions. The signalto-background ratio (SBR) determinations for the axial and radial viewing mode were performed. The obtained results presented in Figure 1 show the linear rise of SBR values for both lines. The typical behavior of "soft" Li atomic line in radial mode was noted. Majority of radiation processes occur in the entrance of plasma channel and therefore, much less radiation entered the spectrometer in radial than in axial mode. Calculated slopes of obtained curves denote to approximate value of 5.9 in axial and 0.8 in radial mode. In opposite, the obtained slopes of curves in axial and radial mode showed almost negligible difference for "hard" Mn line. The slope values were 6.8 for axial and 6.7 for radial viewing mode for the set of measured solutions. It is also evident from the Figure 1 that measured signals in axial and radial mode did not show uniform trend due to rise of organic matter content.
To evaluate the magnitude of the effects of organic matter introduction into plasma the limit of detection (LOD) values as another indicator are proposed. 33 Limits of detection of Mn and Li in water and polycarboxylic acid solutions were determined based on 3σ calculation. It can be noted from the Table 2 that the LOD values were lower when introducing solutions of tartaric and citric acid compared to water. LOD values became worse in the solution of 0.1 % dipicolinic acid than in water, which was observed in both viewing modes. Results of measurements (Mn and Li) in solutions of 0.5 and 1.0 % tartaric and citric acid show low- er LOD values than in water, especially when higher concentrated acid solutions were aspirated. It was assumed that the rise in organic content should degrade detection power, as was in the case of dipicolinic acid. The opposite trends indicate that the analyte concentration and therefore, the net line intensity were positively affected by higher content of tartaric and citric acid. The obtained results suggested possible formation of smaller aerosol particles, and consequently greater amount of analyte in plasma. 22 However, there were no drastic discrepancies in measured LOD values; they comprised the same order of magnitude and showed that the measuring conditions were slightly different than in water.
Testing the Robustness of Plasma
Variation in the intensity ratio of selected ionic to atomic line of the same element can be used to define excitation and ionization conditions in plasma. Magnesium lines are the most frequently used for the purpose of explaining local thermodynamic equilibrium conditions (LTE) in plasma. A Mg II / Mg I ratio values above 7-8 indicate existence of LTE conditions, and lower denotes to non-LTE conditions. 25 A set of instrumental parameters, which can be adjusted to obtain a proper ratio values, define ICP operation in robust mode where minimal deviation regarding different matrix composition occurred.
In this experiment, the fixed operation parameters had included r.f. power of 1.2 kW and carrier flow rate of 1 mL min -1 as the compromise conditions for analysis of aqueous solutions. The solutions of low concentrations of particular polycarboxylic acids which contain Mg in the range of 1-10 mg L -1 were introduced into plasma. The measured Mg II/Mg I intensity ratio is given in Figure 2 . The ratio values obtained for each viewing mode were above threshold indicator for LTE conditions. The higher values (≈11) were obtained for the radial viewing mode than for axial (≈8). By comparison of the Mg ratios obtained in polycarboxylic acid solutions with that of water, the variations in the set of organic solutions comprise maximal 3 % of water solution ratio, which indicates slightly disturbance in LTE conditions. Also, the ratio values showed in Figure 2 confirm the fact that radial viewing position is less sensitive to changes in matrix composition than axial. 26, 31 Among the literature data of organic acid matrix effects in plasma, the monocarboxylic acetic acid is the most studied one. Several authors found the higher Mg ratio for acetic acid solutions. The rise greater than 5 % was found in higher concentrated acid solutions (>10 %) which was attributed to aerosol formation and transport. 11, 23, 24 The production of finer aerosol particles and evaporation processes increase the analyte amount as the concentration of acid rise. The mechanism of transport and aerosol formation is connected closely with physical properties of solutions. In aqueous solu- tions of low concentration of organic acid, the changes in physical parameters should not be considered as the most crucial, because their values are close to that of water. The recent data in acetic acid effect studies show that concentrations lower than 0.7 % w/v did not significantly affect the Mg ratio.
14 Solutions of polycarboxylic acids studied in this work were of lower concentration than those of acetic acid reported in literature, though the same explanation could partially be accepted. Slight rise in Mg ionic/atomic line ratio is measured only in 1 % citric and 0.1 % dipicolinic acid solutions. The lower ratio values in the rest of measured solutions show the different kind of effects compared to acetic acid. This might be attributed to the nature of polycarboxylic compounds which cause different carbon load. Also, a higher abundance of hydroxyl groups might impact the excitation and also the ionization processes in plasma in the greater extent.
Matrix effects on Cu and Cd Emission Lines
In order to test plasma performances for the possible hyphenation purposes, the polycarboxylic acids effects were also monitored on ionic and atomic lines of Cd and Cu. As was already stated by Nesterenko et al., there were only few reports of polycarboxylic acid use in ion chromatography separation of metals as negatively charged complexes. 36 They evaluate separation of negatively charged citrate complexes in ion chromatography. The use of several polycarboxylic acids in Cd speciation by hyphenated HPLC and ICP-MS shows great potential in the determination of species bioavailability, despite neglecting of organic matrix load into plasma. 37 To evaluate the effects of organic matrix load into plasma we have measured SBR values for solutions containing 10 mg L -1 of each element in tartaric, citric and dipicolinic acid and made comparison to SBR in aqueous solution. The results given in Table 3 show SBR values normalized to water values. If particular acid is taken in consideration, some interesting observations could be drawn from the obtained results. In tartaric acid solutions, the greater discrepancies from water values were found for Cd lines in axial and radial mode. (Table 1) , the greater variations in SBR values were expected for Cu. However, the results were more complex and no simple explanation could be derived from the observing SBR variations. Among the literature data, the investigations of the effects of matrix composition related to plasma excitation mechanisms involve also the properties of optical transition of analytical line. The influences of matrix which contained easily ionizable elements, i.e. alkalis and earth-alkalis elements were often observed. Conclusions on different effects on atomic and ionic lines reveal that ionic lines do not suffer seriously on matrix effects induced by alkali or earth-alkali metals. The properties of lines related to the excitation and the ionization energies and/or charge-transfer processes that occur in plasma were suggested as the source of such behavior. 26, 27 It was already found that the lines having close excitation energy, for example Cd lines, may exhibit different effects when easily ionized elements are present in plasma. 27,38−40 In contrast, the copper atomic lines did not show the same sensitivity under similar conditions. [38] [39] [40] In a certain degree, some of the described effects were also noted in present study of polycarboxylic acid matrices. Observation of Cd and Cu lines intensity showed the different magnitude of the effects caused by tartaric, citric and dipicolinic acid introduction into plasma. Elimination of matrix influences in practical purposes rely on different approaches like sample pretreatment, alternative introduction system, and various calibration approach as matrix matching and internal standardization. 34 Therefore, the estimated magnitude of polycarboxylic acid effects in plasma can be very useful in selection of proper analytical strategies for reliable determination of heavy elements in organic matrices.
CONCLUSION
Low concentrated solutions of polycarboxylic acids, namely tartaric, citric and dipicolinic acid, which are used as the most common mobile phases in chromatographic separation of transition and rare-earth metals, reveal that their introduction into plasma can cause the different effects on emission lines. At the compromise operation parameters adjusted for water solutions, the measured effects are reflected through signal-tobackground values and limits of detection of elements which comprise slightly different values than in water. The changes in Mg II / Mg I ratio when selected acids entered the plasma, implied the disturbance of local thermodynamic equilibrium conditions. Although, the ratio variations compared to water was small ( ≈3 %), the study of Cd and Cu ionic and atomic lines behaviour in low concentrated polycarboxylic acid solutions suggest that observed effects are not uniform and mutually comparable. Nevertheless, a number of parameters, i.e. physical and chemical properties of solutions, instrumental conditions, transport mechanisms, and energy related optical transitions need to be included in considerations in order to obtain more reliable conclusions about specific organic acid effects, and finally accurate quantitative determination of selected metal content. This study indicates that the use of polycarboxylic acids in separations and preconcentration of selected metals followed by introduction in ICP needs previous evaluation of magnitude of matrix effects in plasma regarding type of organic compound and its concentration in aqueous solution.
